INTRODUCTION {#s1}
============

In the model plant *Arabidopsis thaliana*, the female reproductive organ, the gynoecium, develops at the centre of the flower. It is composed of an elongated ovary made up of two symmetrical valves separated by the replum and valve margin tissues and topped by a solid cylindrical style and stigmatic papillae ([Fig. 1](#DEV158105F1){ref-type="fig"}A). The formation of the gynoecium has been divided into discrete stages based on growth and appearance of specific tissues and developmental transitions ([@DEV158105C48]; [@DEV158105C42]). The timely progression through these events relies on the interaction between transcription factor (TF) activities and hormone dynamics ([@DEV158105C12]; [@DEV158105C17]; [@DEV158105C22]; [@DEV158105C27]; [@DEV158105C31]). Plant hormones such as auxin and cytokinin are intricately involved in the determination of gynoecium morphology and functionality ([@DEV158105C32]; [@DEV158105C26]; [@DEV158105C40]; [@DEV158105C58]). Plants exhibiting defects in synthesis, transport and/or perception of auxin typically show a dramatic reduction of fertility, mainly as a result of incorrect spatiotemporal development and differentiation of gynoecium tissues ([@DEV158105C24]; [@DEV158105C10]; [@DEV158105C50]; [@DEV158105C52]; [@DEV158105C31]). Accumulation of auxin at the top of the young developing gynoecium is necessary to guide organ structure and differentiation of the style from the basal ovary ([@DEV158105C31]). This tightly controlled auxin distribution is ensured by the activity of the PIN-FORMED (PIN) auxin efflux carriers ([@DEV158105C23]; [@DEV158105C52]), and plants exhibiting abnormal PIN distribution therefore develop styles with morphological defects ([@DEV158105C31]).

SPATULA (SPT) and INDEHISCENT (IND) are two bHLH-type TFs for which function in gynoecium development has been characterized in detail ([@DEV158105C28]; [@DEV158105C17]; [@DEV158105C22]; [@DEV158105C31]). SPT and IND proteins interact and together regulate the expression of downstream target genes at the gynoecium apex. This ensures that auxin becomes distributed in a ring surrounding the apex, which is required to create the radially symmetric style ([@DEV158105C31]). The auxin response factor ETTIN (ARF3; herein, ETT) is required for correct polarity establishment in the gynoecium ([@DEV158105C45]), including formation of correct style morphology ([@DEV158105C45]; [@DEV158105C46]). Indeed, *spt* and *ett* single mutants exhibit visible clefts or split styles at their gynoecium apex ([@DEV158105C22]; [@DEV158105C46]), henceforth referred to split-style defects, and double mutant combinations with *ind* further enhanced this defect ([@DEV158105C17]; [@DEV158105C31]; [@DEV158105C46]).

In a recent study, we showed that IND and ETT proteins interact during style development ([@DEV158105C46]). This work also reported the interaction of ETT with other TFs, such as the homeodomain-containing proteins REPLUMLESS (RPL) ([@DEV158105C43]) and BREVIPEDICELLUS (BP/KNOTTED-LIKE ARABIDOPSIS THALIANA1) ([@DEV158105C53]). In addition to functions in stem development and phyllotaxis ([@DEV158105C53]; [@DEV158105C9]; [@DEV158105C6]), RPL and BP interact to ensure formation of the replum, which begins to differentiate during gynoecium development ([@DEV158105C42]; [@DEV158105C1]; [@DEV158105C20]).

Here, we describe, through genetic and protein-protein interaction approaches, an additional route that gynoecium tissue identity factors, including ETT, IND, RPL and BP, adopt in order to ensure correct style morphogenesis and shape. Multiple mutant combinations between these factors lead to incorrect style development with severe split-style phenotypes. Furthermore, screening of mutant populations of *Brassica rapa*, a close relative of *Arabidopsis*, led to the identification of a subdomain in the ETT protein which is crucial for its heterodimerization. Specific amino acid substitutions in this subdomain correlate with style morphology defects and altered protein-protein dimerization sensitivity both in *Brassica* and *Arabidopsis*. In conclusion, our work describes a molecular framework that, through different levels of interaction affinities among a set of conserved TFs, is capable of generating different organ shapes and therefore likely contributes to the morphological diversity in reproductive structures observed in the *Brassicaceae* family.

RESULTS {#s2}
=======

Genes encoding four interacting TFs are expressed during style development {#s2a}
--------------------------------------------------------------------------

In order to identify additional factors that cooperate together with ETT and IND in style establishment, we previously screened the REGIA yeast-two-hybrid (Y2H) library of *Arabidopsis* TFs with ETT as bait ([@DEV158105C37]; [@DEV158105C46]). Among the ETT interactors identified, the two HOMEOBOX TFs RPL ([@DEV158105C43]) and BP ([@DEV158105C53]) were particularly interesting because their expression pattern overlaps with ETT and IND at the stylar region of the developing gynoecium ([Fig. 1](#DEV158105F1){ref-type="fig"}B-E, [Fig. S1](Fig. S1)), and because BP and RPL have previously been shown to interact and orchestrate common gynoecium developmental aspects, particularly the specification of the replum ([@DEV158105C20]; [@DEV158105C2]). Interestingly, each of the four TFs (ETT, IND, BP and RPL) strongly interact with each other, both in the Y2H and in bifluorescence complementation (BiFC) assays ([Fig. 1](#DEV158105F1){ref-type="fig"}F-Q). Thus, these protein-protein affinities between ETT, IND, BP and RPL, added to their overlapping expression pattern and their involvement in regulating common target genes ([@DEV158105C49]; [@DEV158105C6]; [@DEV158105C46], [@DEV158105C47]), might suggest a synergistic cooperation in controlling the expression of key factors to ultimately ensure robustness during the delicate stage of style formation. Fig. 1.**Overlapping expression pattern of genes encoding ETT-interacting TFs.** (A) SEM image of wild-type mature gynoecium (stage 13). Tissues are colour-coded: cyan, stigma; pink, style; green, valves; red, valve margin; orange, replum. (B-E) GUS staining of *pETT(8kb)::GUS* (B), *pIND::IND-GUS* (C), *pRPL::RPL-GUS* (D) and *pBP::GUS* (E) marker lines showing overlapping expression patterns at the gynoecium apex at stage 11. (F) Y2H assay showing interactions between ETT, IND, RPL and BP (selective medium -W-L-H-A, left columns) and respective controls (permissive -W-L, right columns). (G-Q) BiFC assays between ETT, IND, RPL and BP in tobacco leaf epidermis cells (G-L) and respective controls (M-Q). sg, stigma; st, style; vm, valve margin. Scale bars: 100 µm in A-E, 20 µm in G-Q.

*ETT*, *IND*, *BP* and *RPL* genetically interact to specify correct style morphogenesis {#s2b}
----------------------------------------------------------------------------------------

To unravel the role of *ETT*, *IND*, *BP* and *RPL* during style development and a potential synergistic genetic interaction among them, the single mutants *arf3-1* ([@DEV158105C35]), *ind-2* ([@DEV158105C28]), *rpl-2* ([@DEV158105C43]) and *bp-1* ([@DEV158105C53]), and all possible multiple combinations of these alleles in double, triple and quadruple mutants, were analysed and compared ([Fig. 2](#DEV158105F2){ref-type="fig"}, [Fig. S2](Fig. S2)). Fig. 2.***ETT*, *BP*, *RPL* and *IND* genetically interact to ensure correct style formation.** (A-E) SEM images of gynoecium apices and whole carpel (insets) of wild type (A), and *arf3-1* (B), *ind-2* (C), *bp-1* (D) and *rpl-2* (E) single mutants. Gynoecium apices and whole carpel images correspond to two different gynoecia of the same genotype. (F-H) SEM images of gynoecium apices of *arf3-1 ind-2 rpl-2* (F), *arf3-1 bp-1 ind-2* (G) and *arf3-1 bp-1 rpl-2* (H) triple mutants and whole carpel (right). Gynoecium apices and whole carpel images correspond to two different gynoecia of the same genotype. Arrowheads point to regions of collapsed tissue at the gynoecium top. (I-J) SEM images of gynoecium apices of *ind-2 bp-1 rpl-2* triple mutant without (I) and with (J) NPA treatment. (K-M) SEM image of gynoecium apex of *arf3-1 ind-2 bp-1 rpl-2* quadruple mutant at stage 10 (K), at stage 12 (L) and at stage 12 after NPA treatment. Scale bars: 100 µm, 500 µm in insets. ov, ovules; r, replum; sg, stigma; st, style; va, valves; vm, valve margin.

Among the single mutants, only *arf3-1*, which contains a T-DNA insertion in the *ETT* gene ([@DEV158105C35]), developed obvious defects in style morphology ([Fig. 2](#DEV158105F2){ref-type="fig"}A-E, [Fig. S2A-E](Fig. S2A-E)), accompanied by severe reduction of ovary length and width. The severity of defects in ovary development varies significantly among different *ett* alleles. By contrast, defects in style development are common to all the known *ett* alleles ([@DEV158105C45]; [@DEV158105C32]; [@DEV158105C38]; [@DEV158105C56]; [@DEV158105C46]), suggesting that both null-alleles with no detectable *ETT* transcripts and truncated ETT variants derived from premature stop codons are defective in this process.

The defects at the level of style morphology of the *arf3-1* mutant were somewhat enhanced in double mutant combinations with *ind-2*, *bp-1* and *rpl-2* ([Fig. S2F-K](Fig. S2F-K)), but particularly the triple mutant combinations with *arf3-1* showed an enhanced defect in the style with areas of collapsed tissue ([Fig. 2](#DEV158105F2){ref-type="fig"}F-H, [Fig. S2L-N](Fig. S2L-N)). Interestingly, these triple mutant combinations showed a remarkable recovery of ovary morphology ([Fig. 2](#DEV158105F2){ref-type="fig"}B,F-H, [Fig. S2B,L-N](Fig. S2B,L-N)), suggesting that IND, BP and RPL impose tissue-identity constrains to the *arf3-1* ovary. In support of this interpretation, *IND*, *BP* and *RPL* were ectopically expressed in *arf3-1* mutant gynoecium ([Fig. S2R-T](Fig. S2R-T)), suggesting that ETT is also responsible for proper tissue identity specification through the regulation of key tissue-identity genes.

If ETT functions together with IND, BP and RPL in style formation, it is possible that mutations in all three interactors will lead to defective style formation. In agreement with this, 11.2% of the *ind-2 bp-1 rpl-2* triple mutant gynoecia analysed (*n*=120) developed clefts with variable degrees of depth, and this percentage was further increased to 23.4% when only one functional copy of *ETT* was present (*n*=120, triple mutant *ARF3/arf3-1 ind-2 bp-1 rpl-2*) ([Fig. 2](#DEV158105F2){ref-type="fig"}I, [Fig. S2O](Fig. S2O)). The lack of complete penetrance might be caused by additional ETT-interacting factors that have yet to be identified.

Treatment of *spt* mutant gynoecium with the auxin transport inhibitor 1-N-naphthylphthalamic acid (NPA) ([@DEV158105C34]; [@DEV158105C30]; [@DEV158105C15]) induces partial recovery of its split-style phenotype ([@DEV158105C32]). This result has been interpreted to mean that defects in auxin accumulation at the apex of *spt* mutant gynoecia is restored upon NPA treatment. By contrast, the *ett* mutant phenotype was not rescued by NPA ([@DEV158105C32]). NPA treatment was, however, able to rescue the split defect of *ARF3/ARF3 ind-2 bp-1 rpl-2* and *ARF3/arf3-1 ind-2 bp-1 rpl-2* mutants from 11.2% and 23.4% to 2.5% and 7.6%, respectively (*n*=120) ([Fig. 2](#DEV158105F2){ref-type="fig"}I,J). This genetic evidence confirms (for ETT and IND) and demonstrates (for BP and RPL) a clear function in style development connected with the control of auxin distribution at the gynoecium apex. NPA disturbs auxin distribution, possibly facilitating accumulation at the apical end of the gynoecium. Although this effect is sufficient to overcome the loss of *BP*, *IND* and *RPL*, which primarily function at the apex, the proposed role of *ETT* as an interpreter of cellular auxin levels is more widely required in the gynoecium ovary. This is in agreement with the observations described in [@DEV158105C32].

Further corroboration for a role for all four TFs in the definition of style morphology came from the analysis of the quadruple *arf3-1 ind-2 bp-1 rpl-2* mutant ([Fig. 2](#DEV158105F2){ref-type="fig"}K,L). The defect is caused by a failure to fuse at the carpel margins, leading to a severe split-style phenotype with dramatic clefts extending approximately halfway down the ovary ([Fig. 2](#DEV158105F2){ref-type="fig"}L, [Fig. S2P](Fig. S2P)); these defects cannot be rescued by NPA treatment ([Fig. 2](#DEV158105F2){ref-type="fig"}M, [Fig. S2Q](Fig. S2Q)). This is perhaps not an unexpected result because facilitating auxin accumulation at the gynoecium apex of the quadruple mutant cannot overcome the absence of ETT as interpreter of auxin cellular concentrations ([@DEV158105C32]: [@DEV158105C46]) and effector of auxin signalling ([@DEV158105C46], [@DEV158105C47]).

*ETT*, *IND*, *BP* and *RPL* might have common target genes {#s2c}
-----------------------------------------------------------

The genetic and protein-protein interaction data presented above support a synergistic role for ETT, IND, BP and RPL in the developmental regulation of style morphology, and raise the possibility that these TFs regulate common target genes. To test this, we compared publicly available target datasets for ETT, IND, BP and RPL, and identified a number of potentially common targets. Among them, the gene encoding XYLOGLUCAN ENDOTRANSGLYCOSYLASE/HYDROLASE 7 (XTH7) emerged from the comparison of the target dataset of chromatin immunoprecipitation sequencing (ChIP-Seq) and transcriptome analyses of ETT and RPL ([@DEV158105C6]; [@DEV158105C47]), and a transcriptome profile of a dexametasone-inducible variant of IND (IND-GR) ([@DEV158105C49]; [@DEV158105C46]). Interestingly, the *XTH7* promoter contains regulatory elements, which might provide binding sites for the four factors ([Fig. S3A](Fig. S3A)): an AuxRE element, the ETT preferential binding site ([@DEV158105C13]; [@DEV158105C46]); a RPL binding site ([@DEV158105C6]); a bHLH binding site ([@DEV158105C49]; [@DEV158105C17]); and an element proposed to be recognized by HOMEOBOX TFs such as BP ([@DEV158105C54]). In agreement with this, we found the *XTH7* gene to be misexpressed in inflorescence tissue from mutant combinations of *ETT*, *IND*, *RPL* and *BP* ([Fig. S3B](Fig. S3B)). The data show that *XTH7* mRNA is reduced in the *ett-3* mutant, suggesting that ETT is a positive regulator of *XTH7* expression. By contrast, BP, IND and RPL might function together as repressors of *XTH7*, because *XTH7* transcript levels are dramatically increased in the *bp-1 rpl-2 ind-2* triple mutant. This effect is reduced when *ett-3* is included in the quadruple mutant. These data therefore suggest that *XTH7* is a target for all TFs, but that they regulate expression of this gene in a differential manner.

The molecular adaptor SEUSS regulates style formation {#s2d}
-----------------------------------------------------

The molecular adaptor and transcriptional repressor SEUSS (SEU) has previously been proposed to regulate, in concert with ETT, several developmental responses in the gynoecium by repressing floral homeotic identity genes ([@DEV158105C14]). Indeed, it has been proposed that ETT and SEU interact both genetically and at the protein level ([@DEV158105C14]; [@DEV158105C39]). Therefore, SEU might function together with ETT, IND, BP and RPL in the guidance of the developmental changes necessary for style differentiation.

To test this hypothesis, we first analysed whether IND, BP and RPL could interact with SEU at the protein level. In parallel, to confirm the proposed ETT-SEU interaction ([@DEV158105C39]), stable dimerization was detected between SEU-IND, SEU-BP and SEU-RPL dimers both in Y2H and BiFC assays ([Fig. 3](#DEV158105F3){ref-type="fig"}A-G). Moreover, analyses of the *pSEU::GUS* marker line ([@DEV158105C18]) confirmed expression of *SEU* in the style region ([Fig. 3](#DEV158105F3){ref-type="fig"}H), coinciding with *ETT*, *IND*, *BP* and *RPL* expression in this tissue. Fig. 3.**SEU contributes to the regulation of style formation in concert with the ETT-IND-RPL-BP complex.** (A) Y2H assay between SEU and ETT, IND, BP and RPL (selective medium -W-L-H-A, left column) and respective controls (-W-L, right column). (B-G) BiFC assay in tobacco leaf epidermis cells, confirming the interaction between SEU and ETT (B), IND (C), BP (D) and RPL (E). F and G are negative controls. (H) GUS staining of *pSEU::GUS* marker line in wild-type gynoecium (stage 11). (I,J) SEM images of gynoecium apices of wild type (I) and *seu-1* (J) single mutant. (K-O) Confocal analysis of *pPIN1::PIN1-GFP* in wild type (K-L) and *seu-1* mutant (M-O) at indicated gynoecium stages. Asterisks indicate predominant PIN1 apical distribution; arrowheads indicate PIN1 apolar distribution. (P-S) SEM images of *seu-1* treated with NPA (P), *ett-3* (Q), *ett-3 seu-1* double mutant (R) and *ett-3 seu-1 ind-2* triple mutant (S). Scale bars: 20 µm in B-G, 100 µm in H-S. sg, stigma; st style; va, valves.

In agreement with previous reports on the role of SEU in style specification ([@DEV158105C14]; [@DEV158105C39]), *seu-1* mutant gynoecium exhibited a split-style phenotype ([Fig. 3](#DEV158105F3){ref-type="fig"}I,J, [Fig. S4A](Fig. S4A)). Because the split-style defect is closely connected with auxin distribution and abnormal cellular localization of the auxin efflux carrier PINs ([@DEV158105C31]), the localization of PIN1 was analysed and compared between the wild type and the *seu-1* mutant. During early stages of gynoecium development, PIN1-GFP localizes apically to promote acropetal auxin transport (from the base of the gynoecium to its top). Apolar distribution of PIN1-GFP at the gynoecium apex precedes differentiation of the style. This wild-type PIN1-GFP pattern ([Fig. 3](#DEV158105F3){ref-type="fig"}K,L) was altered in the *seu-1* mutant, with areas of the gynoecium apex presenting a mix of apolar and polar PIN1-GFP localization already from early developmental stages ([Fig. 3](#DEV158105F3){ref-type="fig"}M-O, [Fig. S4B](Fig. S4B)), thus suggesting erroneous auxin fluxes. These areas of apolar PIN1-GFP coincided with abnormalities at the *seu-1* gynoecium tops, ultimately leading to the *seu-1* split phenotype. Despite incorrect PIN1 localization in the *seu-1* mutant, the *seu-1* split style defect cannot be rescued by NPA treatment ([Fig. 3](#DEV158105F3){ref-type="fig"}P, [Fig. S4C](Fig. S4C)). This suggests that SEU has multiple functions in tissue specification and organ development in addition to the regulation of auxin transport.

The split-style defect in the *seu-1* mutant gynoecium was enhanced when combined with the *ett-3* mutant ([Fig. 3](#DEV158105F3){ref-type="fig"}Q,R, [Fig. S4D](Fig. S4D)) and dramatically exacerbated in the *ett-3 seu-1 ind-2* triple mutant ([Fig. 3](#DEV158105F3){ref-type="fig"}S, [Fig. S4E,F](Fig. S4E,F)). This result, combined with the finding that SEU and ETT have a number of target genes in common ([@DEV158105C3]; [@DEV158105C47]), indicates that SEU is an additional factor that might contribute synergistically to the style formation together with ETT, IND, BP and RPL.

Homologous functions of ETT, IND, BP, RPL and SEU in *Arabidopsis* and *Brassica* {#s2e}
---------------------------------------------------------------------------------

*Arabidopsis* belongs to the *Brassicaceae* family, which also includes members of the *Brassica* genus containing important crop plants such as oilseed rape (*Brassica napus*), turnip (*B. rapa*) ([Fig. 4](#DEV158105F4){ref-type="fig"}A) and broccoli (*Brassica* *oleracea* var. italica). Fruits from *Brassica* species are similar in architecture to *Arabidopsis* ([@DEV158105C25]), with valves that are separated by valve margin and replum tissues ([Fig. 4](#DEV158105F4){ref-type="fig"}B), but in contrast to the short style in *Arabidopsis* fruits, styles from *Brassica* species are more elongated, making up a significant proportion of the entire fruit length ([Fig. 4](#DEV158105F4){ref-type="fig"}B). The *B. rapa* genome sequence ([@DEV158105C55]) contains only a single copy of *IND*, *BP* and *SEU*, but two copies of *ETT* ([Fig. S5](Fig. S5)) and three copies of *RPL*. Here, we will refer to these genes as *BrIND*, *BrBP*, *BrSEU*, *BrETT.a*, *BrETT.b*, *BrRPL.a*, *BrRPL.b* and *BrRPL.c*, respectively (full systematic names are listed in [Table S1](Table S1), according to [@DEV158105C36]). Fig. 4.**ETT, IND, BP, RPL and SEU activity is conserved between *Arabidopsis* and *B. rapa*.** (A,B) *B. rapa* R-o-18 wild-type plant (A) and colour-coded gynoecium (B): cyan, stigma; pink, style; green, valves; red, valve margin; orange, replum. (C-I) SEM images of gynoecium tops (left) and optical microscopy images of whole gynoecium (right) of wild-type R-o-18 (C) and *brett.a* (D), *brett.b* (E), *brind* (F), *brbp* (G), *brrpl.a/brrpl.c* (H) and *brseu* (I) mutants. Insets are SEM images of apical view of gynoecium tops. (J) Valve-margin defects in *brind* mutant (right, asterisks) compared to wild-type R-o-18 (left, asterisks). (K) Pedicel defects with horizontal orientation of fruits in *brbp* mutant (right) compared to wild-type R-o-18 (left). (L) Replum defect in *brrpl.a/brrpl.c* double mutant (right, arrowhead), compared to wild-type R-o-18 (left, arrowhead). Scale bars: 200 µm in SEM images in C-I, 100 µm in SEM images in J and K, 1 mm in optical microscope images.

We first applied a genetics approach to assess the level of functional conservation of these five TFs between *Arabidopsis* and *Brassica*. To this end, we identified mutants from an EMS-induced mutant collection developed in the *B. rapa* accession R-o-18 ([@DEV158105C51]). Mutations in *BrIND* and the *BrRPL* genes were previously identified ([@DEV158105C16]; [@DEV158105C51]), and by screening the exome-capture resource for this population (<http://revgenuk.jic.ac.uk/>), we also obtained mutations in the *BrBP*, *BrSEU*, *BrETT.a* and *BrETT.b* genes. The *brind* mutant allele containing a premature stop codon was already characterized for its strong indehiscent phenotype (described as *braA.ind.a-1* in [@DEV158105C16]). Additionally, nonsense mutations were identified for *BrETT.a*, *BrETT.b*, *BrBP*, *BrRPL.a* and *BrSEU* loci ([Fig. 4](#DEV158105F4){ref-type="fig"}C-I, [Fig. S5](Fig. S5)). Owing to the absence of nonsense mutations in the *BrRPL.b* and *BrRPL.c* genes, lines harbouring potentially disruptive missense mutations were isolated instead ([Fig. S5](Fig. S5)).

*brett.a*, *brett.b*, *brind* and *brbp* single mutants, as well as the *brrpl.a*/*brrpl.c* double mutant, exhibited phenotypic defects in accordance with orthologous *Arabidopsis* mutants (*ett*, *ind*, *bp* and *rpl*) ([Fig. 4](#DEV158105F4){ref-type="fig"}C-L): overproliferation of stigmatic tissues with polarity defects at the gynoecium apex in both *brett.a* and *brett.b* mutants ([Fig. 4](#DEV158105F4){ref-type="fig"}C-E) ([@DEV158105C45]); lack of specification of the valve margin tissue in *brind* mutant fruits ([Fig. 4](#DEV158105F4){ref-type="fig"}C,F,J) ([@DEV158105C28]); downwards orientation of flowers and fruits in *brbp* mutant ([Fig. 4](#DEV158105F4){ref-type="fig"}C,G,K) ([@DEV158105C53]); and narrow, poorly delineated replum in *brrpl.a*/*brrpl.c* mutant ([Fig. 4](#DEV158105F4){ref-type="fig"}C,H,L) ([@DEV158105C43]). Plants carrying a nonsense mutation in the first half of the *BrSEU* gene developed defects in ovary and style width and length ([Fig. 4](#DEV158105F4){ref-type="fig"}C,I), but only occasionally exhibited a split phenotype ([@DEV158105C14]), suggesting either that alternative factors can compensate for the absence of *BrSEU* or that the truncated mutant version of the BrSEU protein retains partial functionality.

The loss-of-function phenotypes generally confirm a conserved function of these TFs between *Arabidopsis* and *B. rapa*. To test whether they also interact in a similar manner, we carried out Y2H assays. The results showed that BrETT.a, BrETT.b, BrIND, BrBP, BrRPL.a and BrSEU all interact with each other in a similar way to the homologous factors from *Arabidopsis* ([Fig. S6](Fig. S6)), further supporting a high level of both functional and structural conservation within the *Brassicaceae* family.

A single amino acid substitution in the ETT protein causes defects in style morphology {#s2f}
--------------------------------------------------------------------------------------

Twenty of the 23 auxin response factors (ARFs) in *Arabidopsis* contain a PB1 domain (Phom and Bem1) at their C-terminal half, which is required for responsiveness to auxin ([@DEV158105C21]). ETT is a noncanonical ARF that instead of a PB1 domain possesses a unique domain with no sequence homology to any other known eukaryotic or prokaryotic protein. This domain is called the ETT-specific domain (ES domain) and is sufficient to mediate the reported auxin-sensitive interaction between ETT and its partners ([@DEV158105C46]).

With the aim to identify key amino acid residues that are important either for ETT dimerization with its partners or auxin sensitivity, we screened 10 *B. rapa* mutant lines from the exome-capture collection with missense mutations in the ES domain of *BrETT.a* or *BrETT.b* for defects at the gynoecium apex ([Fig. S5](Fig. S5)). Among the 10 selected lines, JI3-3427a \[serine-to-phenylalanine substitution at position 450 (S450F) of *BrETT.a*\] and JI3-1096a \[serine-to-leucine substitution at position 409 (S409L) of *BrETT.b*\] developed gynoecia with styles of reduced length and with clefts at the apex (20.6% in the S450F line and 16.4% in the S409L line) ([Fig. 5](#DEV158105F5){ref-type="fig"}A-C). Fig. 5.**A single amino acid substitution in ETT causes style defects and interferes with ETT heterodimerization.** (A-C) SEM images of gynoecium apices of R-o-18 (A), *brett.a_S450F* (B) and *brett.b_S409L* (C) mutants with severe split-style phenotypes (arrowheads) and reduced style length. Insets are SEM images of apical view of gynoecium tops and right panels in B and C are optical microscope images. (D) Protein sequence alignment by MUSCLE of BrETT.a, BrETT.b and AtETT, with focus on the region containing positions S450 (BrETT.a, arrowhead), S409 (BrETT.b, arrowhead) and C452, S453 (AtETT), and schematic representation of the corresponding S450F and S409L substitutions. (E) SEM images of *Arabidopsis* gynoecium apex of *ett-3* mutant plant (inset) fully complemented by the *pETT::ETT^C452S^* construct. (F) SEM images of *Arabidopsis* gynoecium apex of *ett-3* mutant plants transformed with the *pETT::ETT^C452F^* construct, showing a cleft (arrowhead) in the style. (G) Y2H assay between wild-type AtETT or AtETT^C452F^ variant with AtRPL and AtSEU. Interaction is compromized in combinations in which the AtETT^C452F^ variant is present. (H) Y2H assay between wild-type BrETT.a or BrETT.a^S450F^ variant with BrRPL.a and BrSEU. Similar to G, the strength of the interaction is compromized in combinations in which the BrETT.a^S450F^ variant is present. Scale bars: 100 µm in SEM images, 1 mm in optical microscope images. sg, stigma; st, style; va, valves.

The *BrETT.a*\_S450 and the *BrETT.b*\_S409 residues are located at the beginning of the ES domain and correspond respectively to cysteine 452 (C452) and serine 453 (S453) in AtETT ([Fig. 5](#DEV158105F5){ref-type="fig"}D, [Fig. S5](Fig. S5)). Interestingly, C452 has previously been associated with auxin perception *in vivo* ([@DEV158105C46]), where the combination of C452S with a C506S mutation rendered ETT insensitive to auxin in its interaction with TF partners. The single C452S mutation in *Arabidopsis* ETT, which mimics the serine found at this position in BrETT.a was, however, not sufficient to alter ETT functionality or auxin perception ([@DEV158105C46]), and a *pETT::ETT^−C452S^* construct fully complemented the *ett-3* phenotype both in the ovary and in the stylar region (eight independent transformants) ([Fig. 5](#DEV158105F5){ref-type="fig"}E; [@DEV158105C46]).

Serine and cysteine are chemically very similar amino acids of almost identical size. By contrast, phenylalanine and leucine are larger and more hydrophobic, and the split-style phenotypes of *brett.a_S450F* and *brett.b_S409L* might therefore develop as a result of altered BrETT.a and BrETT.b activities. In support of this hypothesis, although *ett-3* mutant plants transformed with a *pETT::ETT^C452F^* construct showed full recovery of the ovary defects, they developed gynoecia with split styles (six independent transformants, with an average of 19.3% of the gynoecia analysed showing split style) ([Fig. 5](#DEV158105F5){ref-type="fig"}F, [Fig. S8](Fig. S8)). These data therefore define an ETT subdomain, localized at the beginning of the ES domain and conserved among *Arabidopsis* and *Brassica*, that is required for its proper functionality ([Fig. S7](Fig. S7)).

Spilt-style defects correlate with ETT heterodimerization abilities {#s2g}
-------------------------------------------------------------------

The penetrance of the split-style phenotypes in *brett.a_S450F*, *brett.b_S409L* and *pAtETT::AtETT^C452F^* is in the same range as the penetrance observed in the *ind-2 bp-1 rpl-2* triple mutant and the *ARF3/arf3-1 ind-2 bp-1 rpl-2* mutant background (11.2% and 23.4%, respectively) ([Fig. 2](#DEV158105F2){ref-type="fig"}I). We therefore wondered whether the dramatic amino acid substitutions at those positions affected ETT heterodimerization with its partners. In Y2H interaction assays, the strength of interactions between RPL and SEU with ETT variants AtETT^C452F^, AtETT^S453L^, BrETT.a^S450F^ and BrETT.b^S409L^ were significantly weaker compared with the combinations with wild-type ETT ([Fig. 5](#DEV158105F5){ref-type="fig"}G,H, [Fig. S6](Fig. S6)). Additionally, because C452 in AtETT is involved in auxin perception ([@DEV158105C46]), the different Y2H interactions were also tested on medium supplemented with indole-3-acetic acid (IAA) as previously described ([@DEV158105C46]). Whereas interactions between wild-type AtETT and IND, RPL, BP and SEU are sensitive to IAA, dimers containing the ETT variants BrS450F, BrS409L, AtC452F and AtS453L were able to grow in the presence of IAA ([Fig. S6](Fig. S6)). The effects of mutating these amino acids suggest that they have a rather direct role in the auxin sensing mechanism. This could either be through interaction with IAA or by facilitating a more indirect IAA-induced conformational change in the ETT protein structure.

In summary, this comparative analysis between *Arabidopsis* and *B. rapa* allowed us to establish that this subdomain of ETT proteins is important not only for auxin sensitivity as previously described ([@DEV158105C46]), but also for protein interactions. Altogether, the genetic and protein-protein interactions described in this work suggest that differential affinities between ETT, IND, BP, RPL and SEU factors lead to different style shapes in *Brassicaceae*.

DISCUSSION {#s3}
==========

The different shapes observed among plant reproductive structures are genetically controlled by multiple players, which integrate developmental and hormonal cues in order to ensure successful reproduction. Multiple independent, yet interconnected, pathways are activated during gynoecium formation in order to properly differentiate and shape the various tissues, while providing robustness if one, or more, factors are malfunctioning.

The style and stigmatic structures that form at the apical part of the gynoecium are of fundamental importance for successful fertilization as they are responsible for pollen recognition, germination and subsequent guidance towards the ovules in the basal ovary. Several transcriptional regulators required for style development have been identified in *Arabidopsis*. These include bHLH proteins (SPT and IND), members of the SHI family \[STYLISH1 (STY1) and STY2\], NGATHA (NGA) proteins and ETT ([@DEV158105C45]; [@DEV158105C22]; [@DEV158105C24]; [@DEV158105C28]; [@DEV158105C52]; [@DEV158105C17]; [@DEV158105C31]; [@DEV158105C46]). Recently, a Y2H screen revealed auxin-sensitive interactions between ETT and proteins belonging to different TF families including IND and the HOMEOBOX TFs RPL and BP ([@DEV158105C46]). Because the expression patterns of *IND*, *RPL* and *BP* coincide with those of *ETT* in the style region ([@DEV158105C46]; [Fig. 1](#DEV158105F1){ref-type="fig"}B-E), we chose to study interactions between these four genes to uncover additional molecular frameworks that control style development. Expression of *RPL* and *BP* in the style region was previously detected ([@DEV158105C41]), but no evidence for their role in the development of this structure has been proposed so far.

Genetic and protein-protein interactions between ETT, IND, BP, and RPL, and the severe split-style phenotypes exhibited by the *arf3-1 ind-2 bp-1 rpl-2* quadruple mutant ([Fig. 2](#DEV158105F2){ref-type="fig"}L), suggest that these TFs might regulate common target genes as dimers or higher-order complexes ([Fig. 6](#DEV158105F6){ref-type="fig"}). In support of this, comparison of publicly available target datasets for ETT, IND and RPL revealed shared common target genes among the four factors. One example is the *XTH7* gene. We found potential *cis* elements of all four TFs in the promoter region of *XTH7* and showed that *XTH7* is misexpressed in the mutant combinations analysed here ([Fig. S3](Fig. S3)). These results therefore support that *XTH7* is a common target gene of all four TFs. Fig. 6.**Model for ETT-mediated gynoecium development via style type-specific TF interactions.** (A,B) Strong and stable protein-protein interactions between ETT, IND, RPL, BP and SEU promote correct style development and morphogenesis in a perfect cylindrical structure (A). In mutant lines in which amino-acid substitutions in ETT destabilize the strength of the interaction between ETT and SEU and RPL, development of split styles at the gynoecium apex can be observed (B). The progressive and dynamic distribution of auxin is indicated by polar transport (black arrows) and accumulation (green areas).

An additional factor that is able to interact both genetically and at the protein level with ETT, IND, BP and RPL is the co-adaptor SEU, the role of which in style development was previously proposed ([@DEV158105C14]; [@DEV158105C39]). Single *seu-1* mutants exhibit style defects that cannot be rescued by application of the auxin transport inhibitor NPA ([Fig. 3](#DEV158105F3){ref-type="fig"}M), suggesting that SEU has additional activities besides regulation of auxin fluxes. This result is in agreement with a previous observation that mutation in the Ser-Thr kinase *PINOID* (*PID*) gene enhances the gynoecium defects of the *seu-3* mutant ([@DEV158105C39]). PID regulates cellular localization of PINs and consequently auxin distribution at the gynoecium apex ([@DEV158105C7]; [@DEV158105C31]).

Although the proteins studied here can all interact in Y2H and BiFC, we cannot exclude the possibility that the phenotypic defects are caused by disrupting parallel genetic pathways. Since the phenotypic defects of multiple mutant combinations are gradually enhanced, it is, however, also possible that by progressively removing partners in a multimeric protein complex, such a complex will be increasingly compromised in regulating its target genes. It is for instance plausible that certain factors are required for the regulation of a subset of its targets, but not the entire target set. This concept is well established in the MADS-box field ([@DEV158105C29]), and future studies will be focused on analysing whether or not these factors function in one large complex or whether separate complexes form to ensure proper style development.

Analyses of lines carrying nonsense mutations in *ETT*, *IND*, *BP*, *RPL* and *SEU* loci in *B. rapa*, confirmed functional conservation for these factors in the *Brassicaceae* family ([Fig. 4](#DEV158105F4){ref-type="fig"}). Remarkably, single mutations in one of the two *B. rapa ETT* genes (*brett.a* and *brett.b)* were sufficient to induce development of phenotypical traits such as ectopic stigmatic tissue and gynoecium symmetry defects characteristic of *Arabidopsis ett* mutants ([Fig. 4](#DEV158105F4){ref-type="fig"}D,E). These data suggest either that both *BrETT.a* and *BrETT.b* genes are necessary for correct gynoecium development, or that expression of ETT-truncated peptides might have a negative effect. In this respect, it is worth noting that plants carrying nonsense mutations within the first half of the *ETT* gene, and hence expected to produce truncated ETT variants (e.g. *ett-1*, *arf3-1*), develop ovaries with very severe defects ([@DEV158105C45]; [@DEV158105C32]; [@DEV158105C35]; [@DEV158105C38]). In contrast to the ovary defects, all published *ett* alleles exhibit defects in style morphology, suggesting that full-length ETT protein is required during this process.

ETT encodes an atypical ARF that possesses a specific domain of unique sequence, called the ES domain, which is responsible for mediating protein-protein interaction and auxin sensitivity ([@DEV158105C46]). Through screening of missense mutations in *BrETT.a* and *BrETT.b* genes that correlate with split-style defects, the two ETT variants *brett.a_S450F* and *brett.b_S409L* were isolated ([Fig. 5](#DEV158105F5){ref-type="fig"}A-C). Both S-to-F and S-to-L substitutions, located at the beginning of the ES domain, constitute quite dramatic amino acid changes: serine is a small hydrophilic amino acid, which can reside both within the interior of a protein or on the protein surface. By contrast, phenylalanine and leucine are larger and more hydrophobic and hence better suited to being within protein hydrophobic cores. Thus, both S450F and S409L substitutions have the potential to alter the ETT structure and compromize its functionality.

The ES domain is responsible for mediating protein-protein interactions as well as auxin sensitivity ([@DEV158105C46]), and dramatic amino-acid substitutions at these positions affect both processes causing styles to be split ([Fig. 5](#DEV158105F5){ref-type="fig"}D). Interestingly, mutations in ETT that only affect auxin sensitivity, but maintain normal interaction with other proteins, was previously reported to cause overproliferation of stigmatic tissue, whereas split-style defects were never observed ([@DEV158105C46]). These results suggest that interactions between ETT and partners is important to first establish radial style formation, which precedes the formation of the auxin maxima at the gynoecium apex ([@DEV158105C31]). As the auxin maximum subsequently forms, this will lead to modulation of ETT-partner interactions for separate developmental responses.

Rather than abolishing interactions, the substitutions in BrETT^S450F^ (as in *brett.a_S450F*), AtETT^C452F^ (as in *pETT::ETT^C452F^* in *ett-3*) and BrETT^S409L^ (as in *brett.a_S409L*) affected predominantly the strength of the ETT-SEU and ETT-RPL dimerizations. Such reduced interaction strengths can alter target-gene regulation; indeed, the requirement of a protein partner for ETT to bind a set of target genes has been recently described ([@DEV158105C47]). Thus, weak affinities between ETT and protein partners might interfere with ETT recruitment to a set of genomic loci, which ultimately would lead to variation in target gene regulation. We therefore propose that style development in the *Brassicaceae* family is controlled by a conserved set of TFs, and that the diverse style morphologies have emerged owing to different interaction dynamics among them. Future studies will show whether similar variation in the strength of protein-protein interaction is responsible for diversity in the shape of other organs.

By combining available information and the knowledge acquired through this work, an integrated molecular mechanism for style establishment can be proposed, which takes into account the protein-protein interaction affinities between a set of conserved factors, their expression profile in relation to auxin dynamics, and the role that they have in regulating transcription ([Fig. 6](#DEV158105F6){ref-type="fig"}).

At early stages of gynoecium development, when style specification is about to take place, auxin starts to accumulate in lateral foci at the gynoecium apex, likely mediated through a combination of polar transport ([@DEV158105C31]; [@DEV158105C27]) and local biosynthesis controlled at least in part by the activities of STY1/2 and NGA3 ([@DEV158105C12]; [@DEV158105C52]). At this stage, cell-fate reprogramming is pivotal to provide information for radial symmetry establishment and style differentiation at the top of the gynoecium ([@DEV158105C31]). Our data presented here suggest a model in which the transcriptional regulators ETT, IND, BP, RPL and SEU combine to control the transcription of genes responsible for style development and for auxin polar transport, in order to facilitate proper auxin distribution in this region. Both SEU and BP have been shown to interact with factors involved in chromatin modifications ([@DEV158105C19]; [@DEV158105C57]), and it is therefore possible that stable and durable repression is achieved through careful regulation of chromatin states at target gene loci. In plants that develop a split style ([Fig. 6](#DEV158105F6){ref-type="fig"}B), the protein-protein interactions among these factors are less stable, resulting in inefficient recruitment of the additional factors necessary for correct transcriptional modulation. Therefore, the different affinities between conserved interacting factors might result in the modulation of tissue growth and differentiation and thus contribute to the diversity of organ shapes that can be observed in nature.

MATERIALS AND METHODS {#s4}
=====================

Plant materials and growth conditions {#s4a}
-------------------------------------

*Arabidopsis* plants were grown on soil in long-day conditions (16 h light/8 h dark). *B. rapa* plants were grown in soil in 1-l pots under long-day conditions (16 h light/8 h dark).

Mutant lines *ett-3*, *arf3-1*, *ind-2*, *bp-1*, *rpl-2* and *seu-1*, and the *pETT::ETT^C452S^* complementation line have previously been described ([@DEV158105C45]; [@DEV158105C53]; [@DEV158105C14]; [@DEV158105C43]; [@DEV158105C28]; [@DEV158105C35]; [@DEV158105C46];). Marker lines *pETT::GUS*, *pSEU::GUS*, *pPIN1::PIN1-GFP*, *pIND::IND-GUS* and *pRPL::RPL-GUS* have previously been described ([@DEV158105C8]; [@DEV158105C43]; [@DEV158105C33]; [@DEV158105C17]; [@DEV158105C18]). *pBP::GUS* is available at the Nottingham Arabidopsis Sock Centre (NASC stock number N6141).

The *B. rapa brind.a*, *brrpl.a* and *brrpl.c* mutants were previously described ([@DEV158105C51]); the *brett.a*, *brett.b*, *brett.a_S450F*, *brett.b_S409L*, *brbp*, and *brseu* were obtained by searching the 1154 *B. rapa* mutant lines sequenced by exome capture from the RevGenUK reverse genetics platform at the John Innes Centre (<https://www.jic.ac.uk/technologies/genomic-services/revgenuk-tilling-reverse-genetics/>).

GUS assays and scanning electron microscopy {#s4b}
-------------------------------------------

GUS assay and scanning electron microscopy (SEM) were performed as previously described ([@DEV158105C31]).

*In planta* vector construction {#s4c}
-------------------------------

For *pETT::ETT^C452F^* line, the C452F mutation was introduced to the *pETT::ETT^WT^* construct ([@DEV158105C46]) by site-specific mutagenesis using the Q5^®^ Site-Directed Mutagenesis Kit (NEB). Vector was transformed in *Agrobacterium tumefaciens* GV3101 and *ett-3* mutant plants were transformed following the floral-dip method ([@DEV158105C11]). Quantitative real-time PCR analysis was used to estimate the numbers of transgene copies in the 24 individual transgenic lines obtained, similar to the approach previously reported in [@DEV158105C4]. Only lines harbouring one, two or three transgene copies were considered for the phenotypical analyses, as lines with four or more copies of the transgene showed *ett*-related phenotypes of severity correlated with the number of insertions.

Y2H and BiFC assays {#s4d}
-------------------

The Y2H assays were performed at 28°C in the yeast strain AH109 (Clontech) using the co-transformation technique. Coding sequences were cloned into Gateway vector GAL4 system (pGADT7 and pGBKT7; Clontech) passing through pDONR207 (Life Technologies). Strength of interaction was tested on selective yeast synthetic dropout medium (YSD) lacking Leu (L), Trp (W), Adenine (A), and His (H), supplemented with different concentrations of 3-aminotriazole (Sigma-Aldrich). IAA (Sigma-Aldrich) was dissolved in ethanol and added at the desired concentration directly to the cooling media.

BiFC was performed as previously described ([@DEV158105C5]). Open-reading frames of full length selected genes were cloned in the pYFPN43 and pYFPC43 (<http://www.ibmcp.upv.es/FerrandoLabVectors.php>), passing through pDONR207 (Life Technologies). pEAQ-HT vector ([@DEV158105C44]), which expresses the silencing suppressor p19 of tomato bushy stunt virus, was added to the vector combinations. Images were taken 72 h after infiltration.

Expression analysis {#s4e}
-------------------

Three samples of few inflorescences each were harvested for each genotype, and RNA was extracted with the Qiagen Plant RNeasy extraction kit. cDNA was synthetized with M-MMV reverse transcriptase (Invitrogen). Real-Time PCR was performed in technical quadruplicate using a Bio-Rad CFX96 Real-Time System and SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich). Primers used are listed in [Table S2](Table S2).
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